Reactive oxygen species-related activities of nano-iron metal and nano-iron oxides 5 Metallic iron Nanoparticle Reactive oxygen species Toxicity a b s t r a c t Nano-iron metal and nano-iron oxides are among the most widely used engineered and naturally occurring nanostructures, and the increasing incidence of biological exposure to these nanostructures has raised concerns about their biotoxicity. Reactive oxygen species (ROS)-induced oxidative stress is one of the most accepted toxic mechanisms and, in the past decades, considerable efforts have been made to investigate the ROS-related activities of iron nanostructures. In this review, we summarize activities of nano-iron metal and nano-iron oxides in ROS-related redox processes, addressing in detail the known homogeneous and heterogeneous redox mechanisms involved in these processes, intrinsic ROSrelated properties of iron nanostructures (chemical composition, particle size, and crystalline phase), and ROS-related bio-microenvironmental factors, including physiological pH and buffers, biogenic reducing agents, and other organic substances.
Introduction
Reactive oxygen species (ROS), resulting from the transfer of energy or electrons to oxygen, are highly reactive and potentially harmful to living organisms [1] . These ROS, such as singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl radical, are essential intermediates in certain physiological processes (e.g., photosynthesis, respiration, and cell signaling), and their levels within cells are tightly controlled via enzymes (e.g., superoxide dismutase, glutathione peroxidase, and catalase) or antioxidants (e.g., ascorbic acid, cysteine, glutathione, bilirubin, carotenoids, and bilirubin). However, this redox homeostasis can be perturbed in many circumstances, and a burst of ROS, a condition termed oxidative stress, can induce deleterious effects to cells through oxidative damage of biomolecules (e.g., proteins, 5 The views presented in this paper are those of the authors and do not necessarily reflect official positions or policies of the US Food and Drug Administration. lipids, and nucleic acids) or disruption in cell signaling mechanisms [2] . Advances in nanotechnology, which deals with materials with dimensions of the order of 100 nm or less, have resulted in increasing commercial applications of engineered nanoparticles in consumer products, such as electronics, medicines, dietary supplements, food, clothing, cosmetics, and goods for children. The use of nanomaterials in diverse categories of consumer products suggests that broad populations of consumers will be increasingly exposed to nanomaterials [3, 4] . A large number of studies have been conducted to evaluate the biological effects of nanoparticle exposure, and ROSinduced oxidative stress has been well recognized as one of the most important mechanisms when toxicity is observed [5] .
Iron, which plays an active redox-catalytic role in many energy-transfer or electron-transfer processes due to its partially filled d orbitals and variable oxidation states, is inextricably linked to ROS chemistry. Engineered nanostructures of iron, including nano-iron metal and nano-iron oxides, have attracted commercial interest in areas of medicine (e.g., intravenous iron preparations, iron supplements, magnetic resonance imaging contrasting agents, drug and gene delivery, tissue engineering, and hyperthermia), food (e.g., iron fortificants), environment (e.g., remediation of soils and water by removal of organic pollutant and heavy metals), and agriculture (e.g., plant fertilizer and animal feed). Therefore, understanding ROS-related activities of nano-iron metal and nano-iron oxides could help address concerns over increasing incidences of biological exposure to these engineered nanostructures [6e11] . There are also widespread naturally-occurring iron nanostructures in diverse parts of terrestrial and aquatic ecosystems (e.g., soils, sediments, rivers, lakes, springs, and marine) mainly in the form of iron oxides, including ferrihydrite (FeHO 8 $4H 2 O), lepidocrocite (g-FeOOH), goethite (a-FeOOH), hematite (a-Fe 2 O 3 ), maghemite (g-Fe 2 O 3 ), and magnetite (Fe 3 O 4 ), thus making ROS-related activities of nano-iron oxides critical in comprehending ecological roles of naturally-occurring iron nanostructures [12] .
This review focuses on activities of nano-iron metal and nano-iron oxides in ROS-related redox processes. The known redox mechanisms involved in these processes are demonstrated first, followed by a description of intrinsic ROS-related properties of iron nanostructures. Finally, ROS-related biomicroenvironmental factors are also discussed.
2.
ROS-related redox mechanisms of nanoiron metal and nano-iron oxides Successive one-electron or two-electron reduction of molecular oxygen to water in the aqueous solution yields a series of ROS such as superoxide radicals (O 2 À /HO 2 ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (OH ). Nano-iron metal and nano-iron oxides can be involved in these redox reactions as the reactant or catalyst via a homogeneous or heterogeneous means, based on dissolved iron species or solid surfaces, respectively. The standard reduction potentials (E 0 ) of redox pairs covered in this review are cited from previous studies [13e15].
2.1.
Homogeneous reactions (1) The classic homogeneous Fenton reaction, which involves one-electron reduction of hydrogen peroxide by soluble ferrous iron species, generates hydroxyl radicals (E 0 ¼ þ2.3 V) that are powerful enough to oxidize most organic molecules:
By convention, Fe(II) and Fe(III) represent all ferrous and ferric iron species, respectively.
(2) The non-radical mechanism for the homogeneous Fenton reaction involves the generation of ferryl-oxo complexes (E 0 ¼ þ0.9 V), less powerful oxidants compared to hydroxyl radicals, via two-electron reduction of hydrogen peroxide with soluble ferrous iron species:
Based on the distinct oxidizing power of hydroxyl radicals and ferryl-oxo complexes, many studies have found that radical and non-radical Fenton reactions are competing reactions with a pH-dependent partitioning [16e18].
(3) The homogeneous Fenton-like reactions, which involve the generation of superoxide radicals, hydroxyl radicals, or ferryl-oxo complexes from hydrogen peroxide and soluble ferric iron species, consist of two steps; a slow one-electron reduction of ferric iron by hydrogen peroxide and a rapid generation of powerful oxidants via reaction (1) or (2):
FeðIIÞ
(3) The Haber-Weiss reaction, which involves generation of hydroxyl radicals from hydrogen peroxide and superoxide, can be catalyzed by soluble ferric iron species through two steps:
(4) The homogeneous Fe(II) autoxidation in the presence of molecular oxygen in the aqueous solution via single-step twoelectron transfer or stepwise one-electron transfer reactions can generate oxidants of ferryl-oxo complexes or a series of ROS [19, 20] :
FeðIIÞ þ HO
(5) The homogeneous auto-scavenging reactions involving evolution of molecular oxygen and oxidative loss of soluble ferrous iron species [21] :
FeðIIÞ þ $ OH/FeðIIIÞ þ OH À (10)
Heterogeneous reactions
It has long been recognized that iron oxides can initiate heterogeneous redox reactions at the aqueous-solid interface. Zalma et al [22] reported that iron oxides including akaganeite, magnetite, crocidolite, and hematite were active in producing hydroxyl radicals in the presence of hydrogen peroxide by redox reactions initiated at the solid surface. Lin and Gurol [23] found that the kinetic model of catalytic decomposition of hydrogen peroxide by the granular goethite in aqueous solution at pH 7 was similar to the classical Langmuir-Hinshelwood rate model, which usually describes heterogeneous surface reactions, and proposed a redox mechanism of iron oxides based on the surface-complexation chemistry of surface-bound ferric [hFe(III)] and ferrous [hFe(II)] iron:
hFeðIIIÞ þ HO
Non-radical surface initiated redox mechanisms were also reported by Watts et al [24] and Pham et al [25] :
In 2013, Fang et al [26] proposed that magnetite nanoparticles could heterogeneously catalyze the generation of hydrogen peroxide from dissolved molecular oxygen in the aqueous solution via the superoxide intermediate:
Metallic or zero-valent iron, which is a two-electron donor through the redox pair of Fe 2þ /Fe 0 with an E 0 of À0.44 V, can directly reduce dissolved molecular oxygen in aqueous solutions to hydrogen peroxide at its solid surface according to the well-studied iron corrosion theory:
Hydrogen peroxide added exogenously or produced by reaction (18) can also heterogeneously oxidize zero-valent iron into ferrous iron:
Disassociated or surface-bound ferrous iron heterogeneously produced by reaction (18) or reaction (19) could then react with hydrogen peroxide or molecular oxygen via homogeneous reactions of (1), (2), (5), (6) , and (7), or heterogeneous reactions of (13), (15) , (16) , and (17), to generate oxidants of hydroxyl radicals or ferryl-oxo complexes [27] .
3.
Intrinsic ROS-related properties of iron nanostructures 3.1.
Chemical composition
According to reactions (5), (6) , and (16), iron nanostructures containing Fe 0 and Fe(II) could directly reduce molecular oxygen dissolved in the aqueous solution to generate ROS or ferryl-oxo complexes through a homogeneous or heterogeneous mechanism, whereas pure ferric oxides have not been reported to react with aqueous dissolved molecular oxygen. According to Xue et al [28] , higher ratios of structural Fe(II) seem to favor the heterogeneous redox reactivity of iron (II, III) oxides toward hydrogen peroxide decomposition and ROS production at neutral pH [28] . Gorski et al [29] also revealed that magnetite with a higher ratio of Fe(II) had a lower E 0 and a higher redox reactivity. Voinov et al [30] demonstrated that the magnetite nanoparticles were significantly more effective in producing hydroxyl radicals than the maghemite nanoparticles at the same ratio of the nanoparticle total surface and reaction volume. According to Chen et al. [31] , magnetite nanoparticles also exhibited a higher catalytic efficiency in both hydrogen peroxide decomposition and hydroxyl radical production [31] .
Particle size
Particle size can affect both homogeneous and heterogeneous redox reactions of iron nanostructures, and the underlying mechanisms involve the size-dependent features such as surface area and surface physicochemical properties. Homogeneous redox reactions of iron nanostructures depend on the concentrations of dissolved iron species, which originate from a heterogeneous process (i.e., iron dissolution) so heterogeneous reactions are prerequisite for both redox mechanisms. The rate of a heterogeneous process is usually a function of surface area, which increases rapidly with decreasing particle size, and this has also been verified in redox reactions of iron nanostructures. As Sponza and Isik [32] and Yang [33] reported, the reduction reaction rates of zero-valent iron were first order with respect to the surface area. The heterogeneous reaction of iron-oxide-catalyzed hydrogen peroxide decomposition also follows first order kinetics with respect to the surface area according to Lin and Gurol [23] . Kwan and Voelker [34] revealed that the rates of hydroxyl radical generation in Fenton-like systems catalyzed by different synthesized iron oxides (including ferrihydrite, goethite, or hematite) were all proportional to the surface area of respective iron oxides. Gregor et al [35] prepared crystalline iron oxide (a-Fe 2 O 3 and g-Fe 2 O 3 ) nanoparticles with varied specific surface areas under different thermal treatments, and found that their catalytic efficiencies in hydrogen peroxide decomposition also increased monotonically with increasing specific surface area.
By comparing the surface-area-normalized redox activities of iron nanostructures with different sizes, many studies have found that size-dependent physicochemical surface properties also play an important role in the redox reactions of iron nanostructures. Wang and Zhang [36] found that surfacearea-normalized reduction rate constants of zero-valent iron nanoparticles with specific surface area of 33.5 m 2 /g were calculated to be 10À100 times higher than those of microparticles with specific surface area of 0.9 m 2 /g. As reported by Anschutz and Penn [37] , surface-area-normalized reduction dissolution rates for nanoparticles of 4 nm ferrihydrite and 5 nm Â 64 nm goethite by hydroquinone are up to 20 times and two times faster than the rates for nanoparticles of 6 nm ferrihydrite and 22 nm Â 367 nm goethite, respectively [37] . Cwiertny et al [38] demonstrated that the surface-areanormalized rate of oxalate-promoted dissolution of goethite was four times greater in nanorod suspensions than in microrod suspensions [38] . Similarly, after surface area normalization, the initial and steady state reductive dissolution rates for hematite nanoparticles with average sizes of 6.8 nm by ascorbic acid were about two times and one point five times of those with average size of 30.5 nm according to Echigo et al [39] . The surface physicochemical properties of smaller iron oxide particles thus seem to favor iron dissolution, so that more rapid induction of homogeneous redox reactions could be expected for iron oxide with smaller dimensions. Additionally, specific size-dependent physicochemical surface properties of iron oxides have also been reported. According to Cornell and Schwertmann [40] , particle size has a marked effect on the solubilities of iron oxides, due to the relatively high surface free energy of the compounds, and the solubility products (K sp ) of hematite and goethite could increase by two orders of magnitude when particle size decreases from 1 mm to 10 nm, as illustrated first by Langmuir [41] in 1971. Chernyshova et al [42] observed a regular increase in tetrahedral defects in the near surface regions of hematite with decreasing particle size, whereas surface defects were well recognized to affect reactivity of metal oxides. Gilbert et al [43] found that surface oxygen sites of 6 nm goethite nanoparticles are less coordinated by iron relative to bulk goethite, and proposed that this could consequently result in the increased redox reactivity of goethite nanoparticles.
Crystalline phase
Iron oxides have a wide range of phases such as ferrihydrite, lepidocrocite, maghemite, goethite, and hematite, and these different phases possess varied abilities to initiate homogeneous and heterogeneous ROS-related redox reactions. To better understand their capacities to induce homogeneous redox reactions, the crystalline-phase-dependent heterogeneous process of iron dissolution should also be considered. The solubility of ferric oxides with sizes above 11 nm at room temperature generally follows the reversed order of thermodynamic stabilities of the crystalline phases, i.e., ferrihydrite > lepidocrocite > maghemite > goethite > hematite [40,44e46] , and the iron dissolution rate of these minerals with similar dimensions also seems to follow the same order. Larsena and Postma [47] reported that the surface-area-normalized reduction dissolution rates of ferrihydrite, lepidocrocite, and goethite particles with similar size by ascorbic acid follow the order of ferrihydrite > lepidocrocite > goethite. Roden [48] demonstrated that the surface-area-normalized biological reduction dissolution rate of goethite particles by Shewanella putrefaciens strain CN32 was larger than that of hematite with a similar size [48] . According to Bosch et al [49] , the surface-area-normalized microbial reduction rate of colloidal goethite and hematite with similar surface areas by Geobacter sulfurreducens followed the order of goethite > hematite. Shi et al [50] demonstrated that poorly crystalline 2-line ferrihydrite yielded the highest surface-area-normalized reduction dissolution rate, followed by more crystalline 6-line ferrihydrite and crystalline lepidocrocite with similar size at the nanoscale in the presence of reduced flavin mononucleotide, riboflavin, and anthraquinone-2,6-disulfonate [50] . In 2013, Wang et al [51] detected more dissolved iron in the solutions of maghemite nanoparticles than in the solutions of hematite nanoparticles with similar size at pH 1.2 and pH 4.2, with or without the presence of cysteine and nicotinamide adenine dinucleotide (NADH). In fact, when the dimension is fixed, iron oxides with less thermodynamic stability usually possess higher Gibbs free energies, so their free energy barriers for iron dissolution are lower, which might explain their higher iron dissolution rates. The heterogeneous Fenton-like redox reactivity of ferric oxides appears to follow the order of thermodynamic stabilities of the crystalline phases. Lee et al [52] prepared ferric oxides with different crystallinity degrees at various calcination temperatures, and found that the surface-areanormalized rates of these compounds in hydrogen peroxide decomposition followed the order of their crystallinity degrees. Hermanek et al [53] demonstrated that increasing crystallinity from amorphous Fe 2 O 3 to a-Fe 2 O 3 enhanced heterogeneous catalytic efficiencies of the compounds in hydrogen peroxide decomposition. As demonstrated by Wang et al. [51] , maghemite nanoparticles showed lower hydroxyl radical generation efficiency in the heterogeneous Fenton-like reactions than did hematite nanoparticles with similar size, which was elucidated by the lower iron oxidation state on the surface of hematite nanoparticles. To date, however, there is still incomplete knowledge about how different crystalline phases influence the redox reactivity of iron oxide nanoparticles.
ROS-related bio-microenvironmental factors
During their biotransformation in living organisms, nanomaterials might encounter a wide range of biomicroenvironments, including both extracellular and intracellular biological fluids. Nanomaterials can be adsorbed on the skin, inhaled into the lung, ingested into the gastrointestinal tract, or injected into the blood, and then be internalized into cells of specific tissues through various endocytosis pathways. Within cells, many nanoparticles could end up in the lysosomes, but some of them that are capable of escaping from endosomes or lysosomes might appear in cytoplasm and other cellular organelles such as the Golgi body, mitochondria, and nucleus [54] . The ROS levels in animal blood have been recognized to rise under certain physiological conditions, such as breeding, hypertension, and inflammation [55] . Within cells, ROS are continuously produced mainly as by-products of electron transportation in the mitochondria, and may also appear in other cellular locations after escaping the effective antioxidant defense [2] . Therefore, in order to understand the biological effects of iron nanostructures, it is crucial to characterize ROS-related activities of nano-iron metal and nano-iron oxides under these bio-microenvironmental conditions.
Physiological pH and buffers
The physiological pH of extracellular and intracellular fluids varies greatly with specific tissues and cellular organelles, and it covers a wide range from acidic to weakly alkaline. The human skin surface maintains a weakly acid physiological pH of about 5.5, whereas the physiological pH of human blood is tightly controlled within a narrow weakly alkaline range of 7.35e7.45. The intravesicular pH value drops along with the endocytic process, from pH 6.0e6.5 in early endosomes to pH 4.5e5.5 in late endosomes and lysosomes [56] . The mitochondrial matrix pH is in the range of 7.7e8.2, about 1 pH unit more alkaline than the cytosolic pH, which is close to 7 [57] , whereas Golgi luminal pH values range from 5.95 to 6.45, about 1 pH unit lower than the cytosolic pH [58] . The species of oxidants generated in the redox reactions of ROS and iron nanostructures are greatly influenced by pH, due to the pHdependent partitioning of radical and non-radical Fenton reactions. Hydroxyl radicals have been well recognized as the dominant oxidants generated at a lower pH, whereas near neutral or alkaline conditions seem to favor the production of ferryl-oxo complexes. Hydroxyl radicals are much more powerful one-electron oxidants than ferryl-oxo complexes, whereas ferryl-oxo complexes can act as both one-electron and two-electron oxidants [15e18]. Distinct substrates and oxidative products can thus be expected in different biomicroenvironments with varying pH values. In 2013, Bataineh et al [16] reported the pH-induced mechanistic changeover from hydroxyl radicals to ferryl-oxo complexes in the homogeneous Fenton reaction, which resulted in the changeover of dimethyl sulfoxide oxidative products from ethane and methane to dimethyl sulfone. According to Lee et al [59] , aromatic compounds, i.e., phenol and benzoic acid, were not oxidized by ferryl-oxo complexes generated in homogeneous Fenton reactions under neutral or alkaline pH conditions, unlike methanol, Reactive Black 5, and arsenite, which were oxidized to a different degree depending on the catalytic pH. The physiological pH might also affect the catalytic efficiency of iron nanostructures in hydrogen peroxide decomposition. Lin and Gurol [23] reported that the rate constant of goethite in hydrogen peroxide decomposition increased from 0.019 M À1 s À1 to 0.067 M À1 s À1 as pH increased from 5 to 10 [23] . Watts et al [24] revealed that the efficiency of goethite in hydrogen peroxide decomposition increased as a function of pH in the pH range of 4e7 with ferryl-oxo complexes as the dominant oxidant at a higher pH. In 2012, Chen et al [31] reported that magnetite and maghemite nanoparticles exhibited peroxidase-like and catalase-like activities under acidic lysosome and neutral cytosol mimic conditions, respectively (Fig. 1) .
Physiological buffering systems help the biological fluids maintain a nearly constant pH, and two important biological buffer systems are the carbonate system and the phosphate system. The carbonate buffering system plays an important role in maintaining the pH of blood plasma, whereas the phosphate buffering system operates in the intracellular biological fluids. Both of these buffering systems have been reported to influence the ROS-related redox activities of iron oxides. Miller and Valentine [60] reported that phosphate could increase the oxidative degradation of quinoline by hydrogen peroxide in the presence of iron oxide, despite its retarding effect on the rate of hydrogen peroxide decomposition catalyzed by iron oxide. Valentine and Wang [61] demonstrated that the oxidant yields of hydrogen peroxide in the presence of iron oxides were increased by the addition of phosphate in the system. Watts et al [24] revealed that phosphate-stabilized hydrogen peroxide exposed to iron oxides carried a higher rate of hydroxyl radical production than did the unstabilized system, in spite of the lower hydrogen peroxide decomposition rates in the stabilized systems [24] . Phosphate also seemingly increases partitioning of the radical mechanism in homogeneous Fenton systems at higher pH levels by retarding non-radical reactions [16] . According to Hug and Leupin [62] , bicarbonate could also increase oxidant yield of hydrogen peroxide in the homogeneous Fenton system. Therefore, it is reasonable to postulate that phosphate and carbonate physiological buffering systems could modify the redox properties of iron nanostructures, which might be partly attributed to the modified Fe(II) oxygenation rate constants in the presence of phosphate and carbonate anions, as shown in Table 1 [18, 63] . According to the published rate , Fe(CO 3 )(OH) À ] is more difficult compared to nonbuffered Fe(II)-hydroxy species [Fe(OH) þ , Fe(OH) 2 ], so both oxidant-generating and auto-scavenging steps, including reactions of (1), (2), (5e7), (10), (11) , (13) , and (15e17), in the presence of phosphate and carbonate buffering compounds, could be delayed, which might explain the retardation of hydrogen peroxide decomposition in the buffered systems. Particularly, the efficient hydroxyl radical scavenging activities of phosphate and carbonate could also contribute to a delayed auto-scavenging step, together with the delayed oxygenation of ferrous iron species, and this would result in more oxidants consumed by the substrates [64] .
Biogenic reducing agents
Body fluid maintains a reducing environment compared to iron oxides, and various biogenic reducing agents (e.g., glutathione, cysteine, ascorbic acid, NADH, NADPH, succinate, and ubiquinol) with a wide range of E 0 are distributed in extracellular and intracellular biological fluids. Human plasma maintains a mean E 0 of as low as À140 mV, but is still 90 mV more oxidized than the cytoplasmic pool. Among the cellular organelles, the mitochondrion is the most reducing cellular compartment with an E 0 of about À318 mV, followed by lysosome (À240 mV), and endoplasmic reticulum (À189 mV) [65] . It is thus of great biological importance to consider the redox activities of iron nanostructures under reducing bio-microenvironmental conditions. Reductive dissolution of iron oxide nanoparticles will inevitably induce more homogeneous Fenton reactions, which are much more efficient in producing damaging ROS than heterogeneous Fenton reactions (Fig. 2) . Wang et al [51] revealed that significantly larger dissolved iron fractions were detected in solutions containing maghemite and hematite nanoparticles in the presence of cysteine and NADPH under all pH regimes, and they also observed that these fractions induced much more hydroxyl radicals from hydrogen peroxide than the solid surfaces. Substantial evidence also indicates that superparamagnetic iron oxide nanoparticles are gradually degraded in endosomes and lysosomes, where the dissolved iron species cause oxidative stress to induce severe membrane permeation and subsequent cellular dysfunction [66e68].
4.3.
Other organic substances
In addition to those which function as reducing agents, a wide range of organic substances with diverse biological functionalities and chemical groups (such as carboxylate, phenolate, hydroxy, thiol, and amines) are also ubiquitous in biological fluids. The interactions of these organic substances with homogeneous or heterogeneous iron species can also influence the redox activities of iron nanostructures. According to Lipczynska-Kochany et al [64] , anions including the abovementioned phosphate and carbonate might influence hydrogen peroxide decomposition and oxidant generation through modifying the Fe(II) oxygenation rate and competitive scavenging of reactive intermediates. As demonstrated by Valentine and Wang [61] , Fukushima and Tatsumi [69] , and Vione et al [70] , humic acid could increase oxidant generation efficiencies of homogeneous or heterogeneous Fenton and Fenton-like systems through their carboxyl and phenolate groups. Kachur et al [19] found that hydroxyl radical formation during Fe(II) autoxidation was enhanced significantly by the addition of polyphosphates (tri-and tetrapolyphosphate and their adenosine derivatives), citrate, and acetic derivatives of EDTA, diethylenetriaminepentaacetic acid, triethylenetetraminehexaacetic acid, ethylenediamine-(N,N 0 )-diacetic acid, and nitrilotriacetic acid (NTA) with the generation rate of hydroxyl radicals showing an inverse correlation with the charge of the ferrous ion complex. Iwahashi et al [71] revealed that a series of organic acids, including quinolinic acid, apicolinic acid, fusaric acid, and 2,6-pyridinedicarboxylic acid, could enhance the hydroxyl radical yield of the homogeneous Fenton system via Fe(II) chelation. According to Keenan and Sedlak [17] , the addition of oxalate, NTA, and EDTA to oxygencontaining solutions of zero-valent iron nanoparticles significantly increased oxidant generation efficiencies, with yields approaching their theoretical maxima near neutral pH. Rey et al [21] reported that phenol could also lead to a higher hydroxyl radical yield in a heterogeneous Fenton-like system, whereas Minakata et al [72] revealed that polyphenols including a-picolinic acid, 2,6-pyridinedicarboxylic acid, and quinolinic acid (2,3-pyridinedicarboxylic acid) enhanced the formation of radicals in the Fenton-like reaction mixture of rat liver microsomes. In addition, Fe(II) organic complexation seems to exert influence on the partitioning of radical and non-radical Fenton mechanisms at neutral pH [17] . Organic substances in the biological fluids can also enhance iron dissolution via ligand-promotion or Fe(II) complexion, therefore more homogeneous ROS-related redox reactions would also be expected in the bio-microenvironments. Duckworth and Martin [73] j o u r n a l o f f o o d a n d d r u g a n a l y s i s 2 2 ( 2 0 1 4 ) 8 6 e9 4 bidentate structures more being effective. Royer et al [74] reported that natural organic matter could enhance reductive dissolution of hematite by Fe(II) complexation, which prevents Fe(II) resorption to hematite surfaces.
Conclusions and perspectives
In this review, the known ROS-related redox mechanisms of nano-iron metal and nano-iron oxides, including homogeneous and heterogeneous reactions, were discussed in detail. We also provide a general overview on the intrinsic ROSrelated properties of these iron nanostructures including chemical composition, particle size, and crystalline phase, which determine the basic redox activities of these compounds. Extrinsic bio-microenvironmental factors, such as physiological pH and buffers, biogenic reducing agents, and other organic substances were also explored because of their potential crucial impact on the biological effects of iron nanostructures. In spite of the large number of studies on iron nanostructures, much remains unknown about how their intrinsic physicochemical properties affect the redox reactivity of iron nanostructures. In particular, additional work is needed to characterize the redox activities of iron nanostructures under various bio-microenvironmental conditions.
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